Autophagy is in principle a nonselective, bulk degradation system within cells, with a contribution to intracellular protein degradation estimated to be as large as that of the ubiquitin--proteasome system. The primary roles of autophagy are baseline turnover of intracellular proteins and organelles, production of amino acids in nutrient emergency, and regression of retired tissues. These functions guarantee rejuvenation and adaptation to adverse conditions, and even underlie dynamic processes such as development/metamorphosis. In addition, several other roles for autophagy have recently been discovered, such as presentation of endogenous antigens and degradation of invasive bacteria. This review will discuss the biological significance of autophagy from yeast to higher eukaryotes.
Introduction
Proteins are dynamically synthesized and degraded. About 200 g of proteins are degraded in our bodies each day, an amount significantly larger than dietary protein intake (about 60-80 g), highlighting the physiological importance of this process. Intracellular protein degradation systems can be roughly classified into two groups: selective and nonselective. The former group includes the ubiquitin-proteasome system and the calpain system present in the cytoplasm, while the latter type occurs mainly in the lysosome. The lysosome is an organelle specialized for degradation, and it degrades extracellular materials, which enter the cell via endocytosis (phagocytosis and pinocytosis). In addition to outside materials, the lysosome can degrade cytoplasmic constituents by a process called autophagy. 1, 2 There are at least three types of autophagy, (i) macroautophagy, (ii) chaperon-mediated autophagy (CMA), and (iii) microautophagy. CMA is mediated by chaperones that specifically recognize substrates. Thus, CMA is a type of selective, rather than a bulk or nonselective, degradation system. Microautophagy has been proposed to occur based on lysosome morphology, but its molecular mechanism remains unknown. Since it is believed that macroautophagy is the primary means for cytoplasmto-lysosome delivery, it is most commonly referred to simply as autophagy. For the purposes of this review, the term 'autophagy' will be used to refer to the process of macroautophagy.
Upon induction of autophagy, a membrane sac called the isolation membrane elongates and encloses a portion of cytoplasm ( Figure 1 ). The origin of this membrane has not yet been identified. It is derived from a small precursor structure, not from a large pre-existing cisterna such as endoplasmic reticulum (ER). However, it is still possible that small vesicles derived from ER and other organelles fuse with the isolation membrane to effect its elongation. Complete enclosure of the isolation membrane results in formation of a double membrane structure called the autophagosome, the diameter of which is usually 0.5-1.5 mm, depending on cell type and conditions. Often, even organelles such as mitochondria and ER fragments are taken up. At this stage, the enclosed cytoplasm is sequestered, but is not degraded until fusion with the lysosome, at which point the inner membrane of the autophagosome and the cytoplasm-derived materials are degraded by lysosomal hydrolases. Since sequestration is basically a nonselective process, autophagy is essentially a bulk degradation system. Yeast genetic studies have identified more than 20 genes (ATG genes) required for autophagy, most of which function in autophagosome formation. 3, 4 With these remarkable findings, studies of autophagy have been rapidly progressed for the past decade. In particular, biological significance of autophagy is now being revealed in various organisms.
In budding yeast, autophagy is suppressed to undetectable levels under growing conditions. However, it is rapidly (within 30 min) induced during nitrogen starvation. 5 This same type of response is also observed in whole animals. We have developed an autophagy indicator mouse model, in which autophagosomes are labeled with LC3 (mammalian Atg8) fused to green fluorescent protein (GFP) (Figure 2 ). 6, 7 Through a systematic analysis of this mouse model, we found that autophagy is upregulated in almost all organs following initiation of starvation. During early starvation, glycogen is used for glucose homeostasis. However, in mammals, glycogen stores are consumed within 1 day. Subsequently, blood glucose is maintained by gluconeogenesis from pyruvate or tricarboxylic acid (TCA) cycle intermediates such oxaloacetate in the liver. Amino acids produced by autophagy in the liver and other tissues could be utilized for this aim. In addition, amino acids can be directly oxidized to produce energy in some tissues, such as muscle, or used for synthesis of proteins that are required for proper starvation adaptation. Autophagy could account for the majority of the so-called protein catabolism during starvation. However, our analyses also revealed some interesting exceptions. In the brain, autophagic activity is very low even under starvation conditions. 6 This may be because the brain is not starved by food withdrawal within the time-frame examined, or because an unknown autophagy-inducing factor fails to trigger autophagy in the brain. In contrast, some cell types, such as thymic epithelial cells, show constitutively high autophagic activity.
The critical role played by autophagy in maintaining viability during starvation has been shown in Sacharomyces cerevisiae, 8 Dictyostelium discoideum 9 and Drosophila melanogaster. 10 In addition, we recently revealed that autophagy is also quite important to help mammals survive a unique period of starvation, the birthing process. 11 It is known that neonates face severe starvation at birth due to sudden termination of the placental nutrient supply. Upon extending the GFP-LC3 mice study to the embryonic and perinatal stages, we found that autophagy is transiently upregulated in various tissues soon after birth. We then determined the significance of this neonatal autophagy by analyzing mice deficient in Atg5, a gene essential for elongation of the isolation membrane ( Figure 2) . 12 Atg5 knockout (KO) mice appear almost normal at birth, but exhibit severe nutrient and energy insufficiency within 10 h after birth. In particular, the amino-acid concentrations in plasma and tissues are significantly lower in Atg5 KO mice. Atg5 KO mice display significantly shorter survival times than wild-type mice under starvation conditions, but death could be delayed by forced milk ingestion. Therefore, these findings suggest that neonates use amino acids degraded from tissue proteins for energy homeostasis.
11
The importance of amino-acid production via autophagy was also shown in cultured cells. Lum et al. 13 reported that IL-3-dependent cells maintain cell viability even after IL-3 withdrawal if the apoptotic pathway is blocked by knocking out both Bax and Bak, both of which are key initiators of apoptosis. Owing to the absence of IL-3 stimulation, these cells are unable to take up enough nutrients from the outside environment, but do still survive for a lengthy period of time. Lum et al. showed that nutrient levels in these cells are maintained by upregulation of autophagy, as RNAi-mediated inhibition of autophagy was quickly lethal to these cells. As a final confirmation, they demonstrated that cell death due to inhibition of autophagy could be avoided by addition of methylpyruvate, a cell-permeable TCA substrate. Taken together, these studies emphasize that increased intracellular generation of amino acids by autophagy is a physiologically important starvation response ( Figure 3 
Intracellular Clearance by 'Baseline Autophagy': Antidegeneration and Antiaging
Autophagy occurs constitutively at low levels even under normal growth conditions. During embryogenesis, autophagic activity is generally quite low. However, Atg5 KO mice show a suckling defect at birth. 11 The reason for this has not yet been determined, but is probably attributable to unknown central nervous system (CNS) dysfunction. Recently, it has been observed that the hepatocytes of liver-specific conditional Atg7 KO mice develop ubiquitin-positive aggregates. 14 We also observed such aggregates in Atg5 À/À neonates (unpublished data). These findings suggest that baseline autophagy is critical for intracellular clearance ( Figure 3 ). The mechanism underlying the accumulation of ubiquitin-positive aggregates is unknown. Inhibition of continuous turnover of soluble proteins might lead to aggregate formation. Alternatively, aggregates may naturally be degraded by autophagy, although such specific engulfment has never been documented. In contrast, autophagy-defective yeast cells, 8 embryonic stem (ES) cells 12 and embryonic fibroblasts 11 are quite healthy and show no apparent abnormalities under growing conditions. In rapidly dividing cells, abnormal proteins may be quickly diluted even if they are not degraded. Therefore, intracellular clearance by autophagy should be much more important in postmitotic cells. In this vein, baseline autophagy is under intense scrutiny in the fields of neurodegeneration and aging.
Intracellular protein aggregates containing mutant proteins is a hallmark of many neurodegenerative diseases, such as Parkinson's disease, Alzheimer's disease, polyglutamine diseases (ex. Huntington's disease) and amyotropic lateral sclerosis. It is still controversial whether formation of these protein aggregates is or is not pathogenic. A recent study indicated that, rather than aggregates, high levels of mutant proteins diffusely present within cells may be the largest source of toxicity for cells. 15 Thus, formation of aggregates may be a protective mechanism to reduce the levels of mutant proteins elsewhere. Either way, accumulation of misfolded proteins, irrespective of aggregation, are likely mediators of cell damage. Although the ubiquitin-proteasome system has been considered to be the primary means for degradation of these misfolded proteins, autophagy is beginning to receive a great deal of attention. 16, 17 Inhibition of autophagy induces aggregate formation, whereas rapamycin-induced upregulation of autophagy reduces it. [18] [19] [20] [21] Furthermore, amelioration of neurodegeneration and improvement of behavior were reported in a D. melanogaster Huntington model following treatment with a rapamycin analog, CCI-779. 21 It has been speculated that aggregates can be degraded by autophagy Figure 2 Molecular mechanism of autophagy regulation and autophagosome formation. Insulin is thought to be one of the major suppressive factors for autophagy. Accordingly, PI3 kinase (class I), PDK1, Rheb and (m)TOR suppress autophagy and PTEN and TSC1/TSC2 induce autophagy. Activity of TOR may be influenced also by amino-acid levels and intracellular ATP. Other growth factors such as IL-3 can inhibit autophagy. Downstream of the TOR-suppressive signaling pathway, Atg proteins function to form the autophagosome, although a direct relationship between TOR and Atgs has not been confirmed. The PI3 kinase complex (class III) including Beclin-1/ Atg6 is required for generation of preautophagosome structures. The Atg1 complex is thought to be involved in initiation or regulation of autophagic activity. Elongation of the isolation membrane requires the Atg12 and Atg8 (LC3) ubiquitin-like modification systems. A ubiquitin-like protein, Atg12, is conjugated with Atg5 and forms a large complex with Atg16(L). Only a small fraction of this complex targets to the isolation membrane. Atg8 (LC3 in mammals) is another ubiquitin-like protein that associates with both the isolation membrane and the completed autophagosome as a conjugate with phosphatidylethanolamine (PE) Figure 3 Roles of induced autophagy and baseline autophagy. The level of autophagy is usually low but can be upregulated by starvation such as birth and fasting. The induced autophagy is important for intracellular generation of amino acids. On the other hand, the baseline autophagy is crucial for intracellular quality control
The pleiotropic role of autophagy N Mizushima (possibly in a specific manner), although this idea has not been proven. 16 Alternatively, nonselective degradation (baseline turnover) of diffusely present misfolded proteins could account for prevention of aggregate formation.
Degenerating cells in these diseases often demonstrate vacuoles thought to be related to autophagy. How autophagy is induced under such conditions remains unknown. Ravikumar et al. 17 found that mTOR is sequestered into protein aggregates, which impairs mTOR function. They proposed that this could lead to induction of autophagy as a protective mechanism in neurodegeneration. In contrast, it has been speculated that increased levels of autophagy itself might cause degeneration and cell death. However, this idea is still controversial because it has not been proved using genetic models. 22 It is known that, in aged cells, protein turnover is slowed and various damaged proteins are accumulated. It has been suggested that autophagic activity might be downregulated with increased age. In addition, Bergamini et al. 23 proposed that maintenance of autophagic activity could be at least partly responsible for the life-span extending property of caloric restriction in various species from yeast to mammals. Therefore, autophagic activity may be a critical determinant for lifespan. There is possible genetic evidence. Melendez et al. 24 demonstrated that beclin-1 (Atg6) is required for the life-span extension observed in a worm mutant lacking the insulin signaling gene daf2. Although the effects of knocking down other atg genes were not demonstrated, these data suggest that autophagy could be an important process regulating longevity.
Degradation of Invading Bacteria
It has been observed that some invasive bacteria may be found in autophagosome-like structures in host cells. 25 This phenomenon was interpreted to be either part of a degradation process or a pregnant phase to allow bacteria to multiply. 26 Subsequently, several groups have proven that this is indeed a degradation process. The intracellular pathogen Mycobacterium tuberculosis resides in macrophage phagosomes by interfering with phagosome-lysosome fusion. However, Colombo and Deretic's group found that M. tuberculosis is transported into the lysosome and degraded upon induction of autophagy by starvation or rapamycin. 27 Furthermore, they also reported that interferon-g, which has an antimycobacterial effect, can induce autophagy in macrophages. Thus, they raised the possibility that upregulation of autophagy may partially account for the antibacterial effect of interferon-g. However, it remains to be clarified whether the phagosome itself is engulfed during autophagy and whether this happens by chance or with specific recognition.
Some bacteria enter into nonphagocytic cells via the endocytic pathway and escape from the endosome into the cytosol. Nakagawa and Yoshimori's group showed that group A Streptococci (GAS), upon escaping from endosomes into the cytosol by a streptolysin O-mediated process, are immediately and specifically sequestered by autophagosome-like structures. 28 These GAS-containing structures are eventually fused with lysosomes for degradation. The formation of these structures is Atg5-dependent, and in Atg5 À/À embryonic fibroblasts and embryonic fibroblasts, degradation of GAS is significantly reduced, suggesting that this autophagy-like process is indeed bactericidal. A similar phenomenon is observed in cells infected with Shigella. 29 However, Shigella may be more clever, because it is able to escape from autophagy. A Shigella mutant lacking the secretory protein IcsB is defective in multiplication within host cells. Ogawa et al. 29 reported that the icsB mutant is sequestered by autophagosome-like structures. In contrast, wild-type Shigella evades autophagy by secreting IcsB. They further found that another bacterial protein, VirG, which is required for actin-based intracellular motility, interacts with Atg5. Since the VirG-Atg5 interaction is competitively inhibited by IcsB, these interactions are most likely central to this escape mechanism. The physiological significance of the VirG-Atg5 interaction is unknown. Since Atg5 protein almost exclusively localized to the outer side of the isolation membrane (Figure 2) , 12 this interaction might be important at an earlier step before sequestration.
Many questions remain regarding bacterial autophagy. Is the membrane used for bacterial trapping the same as in conventional autophagy? What is the induction mechanism? How is specific engulfment achieved? Finally, how important is the contribution of such a killing system during the natural course of bacterial infection? Given that the engulfed contents are not 'self', a new term 'xenophagy' has been proposed for this system of defense against intracellular microorganisms. þ T cells. Although this is the basic concept, many reports have demonstrated that endogenous proteins, particularly those that are long lived, are also presented on Class II MHC. 31 The mechanism by which cytoplasmic proteins are loaded on Class II MHC is incompletely understood, but autophagy has been proposed to be a candidate for this pathway. 32, 33 However, Mü nz laboratory have demonstrated that autophagy is indeed involved in physiological processing of a viral antigen. 34 The nuclear antigen 1 of Epstein-Barr virus (EBNA1) is known to escape recognition by CD8 þ cytotoxic T cells. This is due to a Gly-Ala repeat domain of EBNA1, which inhibits its processing by the proteasome. However, EBNA1 can be recognized by CD4 þ T cells. Paludan et al. 34 showed that EBNA1 can be processed by autophagy and then associated with Class II MHC in lysosomes. This 'autophagic route' may contribute to presentation not only of viral antigens, but also of The pleiotropic role of autophagy N Mizushima self-antigens in autoimmune diseases and tumor antigens. We previously found that thymic epithelial cells show constitutively active autophagy. 6 During positive and negative selection, thymic epithelial cells are believed to present selfantigens to lymphocytes. Since thymic epithelial cells are not thought to have phagocytic activity, it is reasonable to hypothesize that they provide self-antigens from their own cytoplasm. Therefore, autophagy might be also involved in central immune tolerance.
Cell Death with Autophagy
It is now apparent that there are several types of programmed cell death other than typical apoptosis. One type, the so-called 'autophagic cell death' or 'type 2 cell death', is characterized by the appearance of cytoplasmic vacuoles, which are thought to be related to autophagy. 35, 36 It should be emphasized that 'autophagy' is a term for a degradation process and not a cell death process. Therefore, 'cell death with autophagy' would be the most appropriate nomenclature for this kind of cell death.
The role of autophagy in this type of cell death has been an issue of great controversy. Is autophagy a cell death executor or a protective mechanism? Recently, a RNAi-mediated gene knockdown technique was applied in an attempt to answer this question. Yu et al. 37 found that z-VAD, a common caspase inhibitor, induces nonapoptotic cell death in L929 and some other cell lines. They showed that knockdown of autophagy factors such as Atg7 and Beclin-1 prevents cell death. Shimizu et al. 38 also showed that treatment of Bax
Bak
À/À cells with apoptogenic reagents such as staurosporine and etoposide induces cell death associated with excessive autophagy. Again, this type of cell death is inhibited by RNAi against Beclin-1 and Atg5. These two studies suggest that autophagy can mediate cell death. However, there are no reports suggesting that autophagy has a causative role in cell death in other species than mammals.
In contrast, Lum et al. 13 showed that autophagy acts to ensure survival in IL-3 dependent Bax À/À Bak À/À cells following IL-3 withdrawal. IL-3 withdrawal downregulates surface nutrient transporters, resulting in intracellular starvation. This is consistent with the conventional role of autophagy as a means to ensure cell survival during starvation. Similarly, inhibition of autophagy sensitizes mammalian cells to starvation-induced apoptosis. 39 These reports, then, suggest that autophagy is a cytoprotective mechanism. Therefore, whether autophagy acts as a cell death executor or cell protector might depend on cellular environments such as nutrient conditions. In the presence of enough nutrients, prolonged autophagy would not play any protective roles, rather could induce cell death/degeneration. 37, 38 However, it should be noted that these studies were performed using cells defective in apoptosis. The fact that Atg5 KO mice are born without an apparent increase or decrease in cell number suggests that autophagy is not critical for cell death, at least during mammalian embryogenesis.
11 Also in Dictyostelium, treatment of cells with both starvation and differentiationinducing factor (DIF) causes cell death with autophagy, but the same treatment can still induce nonvacuolar cell death in autophagy-deficient cells. 40 Therefore, the physiological role of autophagy in cell death is still obscure. In addition, the concept of type 2 cell death might be too broad because some of them apparently depend on caspases activation. 41 
Tumor Suppression
It has been speculated that autophagy may both benefit and hinder tumor development and progression. On the one hand, tumor cells should require autophagy, as tumor tissues are often nutrient-poor environments. On the other, loss of autophagy may lead to accumulation of genotoxic substances in the cytoplasm that could promote mutation and hence tumorigenesis. 2, 36, 42 Mouse genetic studies on Beclin-1 (Atg6/Vps30 homolog) indicated that autophagic activity could suppress tumor development. 43, 44 Beclin-1 was originally identified as a Bcl2-interacting protein which turned out to be monoallelically deleted in 40-75% of sporadic human breast and ovarian cancers. 45 The breast cancer cell line MCF7, which expresses very low levels of Beclin-1, 45 as well as Beclin-1 À/À ES cells 44 are defective in autophagy, suggesting that Beclin-1 is required for autophagy. While Beclin-1 À/À mice show early embryonic lethality, 44 Yue et al. 44 and Qu et al. 43 reported that Beclin-1 þ /À mice develop spontaneous tumors such as lung cancer, hepatocellular carcinoma and lymphoma. Although these studies suggest that Beclin-1 is a tumor suppressor, the implications for autophagy remains to be clarified. Beclin-1/Atg6 is a component of the class III phosphatidylinositol 3 kinase (PI3 kinase) complex both in yeast 46 and mammals, 47 and Beclin-1 has ability to interact with Bcl-2. 48 Finally, the phenotype of Beclin-1 À/À mice is much more severe than that of Atg5 À/À mice, which appear almost normal at birth. 11, 44 Therefore, Beclin-1 likely has additional roles beyond its function in autophagy. It remains to be determined which phenotypes of Beclin À/À and Beclin þ /À mice are caused by defects in autophagy.
Development
Thus far, a number of developmental defects have been reported in autophagy mutants in several species (Figure 4) . In S. cerevisiae, autophagy mutants are defective in spore formation, 8 while autophagy mutants of D. discoideum are defective in normal multicellular developmental processes such as aggregation formation and fruiting body formation. 9 Premature death from the third larval to pupal stages was reported in D. melanogaster mutants. 10, 49 Finally, dauer formation is abnormal in Caenorhabditis elegans autophagy mutants. 24 Although these phenotypes seem to be diverse, all of them are closely related to nutrient status and starvation. For example, sporulation, fruiting body formation, and dauer formation are typical starvation responses. In Drosophila, the mutant third larvae leave food sources and starve as a result. During the pupal stage, larval tissues are degraded and used as nutrients to generate adult tissues. In dying larval tissues such as the salivary glands, massive autophagy is observed. 35 Therefore, autophagy is extremely important for developmental steps during which generation of amino acids from endogenous sources is crucial. For mammals, birth is probably the first such experience. In contrast, plant autophagy mutants show only minimal abnormalities, that is, accelerated senescence and reduced seed number. [50] [51] [52] This might be because plants have multiple backup systems for starvation and also develop a sophisticated root system to continuously absorb nutrients from the soil.
Concluding Remarks
In this discussion of the pleiotropic roles of autophagy, many of the works cited were published within the past year, highlighting the rapid growth of this field of research. However, many unsolved questions remain, particularly regarding the selectivity of macroautophagy. There is much suggestive data on this issue, particularly regarding the selectivity of organelle degradation, but none is entirely concrete. Most of the roles of autophagy are easily explained without substrate specificity. Probably, only the clear evidence for specificity in mammalian cells is autophagic degradation of bacteria (xenophagy). However, whether autophagy can degrade any self-contents specifically remains unknown. In yeast, Ald6 protein was shown to be rapidly degraded by autophagy compared to other cytosolic proteins. 53 Although the mechanism behind this was not identified, there must be some specific recognition. In addition, two vacuolar proteins, aminopeptidase I and mannosidase, are selectively transported to the vacuole by an autophagy-like system called the cytoplasm-to-vacuole targeting (CVT) pathway. 4 In this case, a common receptor for these proteins is present on the sequestration membrane. No pathway equivalent to the CVT pathway has been discovered in other species.
Aside from this question, it remains to be discovered how autophagy is regulated in vivo (Figure 2 ). Amino-acid concentrations are virtually unchanged or even elevated during starvation, suggesting that they are not a driving factor for autophagy under starvation conditions. 54, 55 Insulin could be a suppressive factor, but almost no information is currently available regarding autophagy-inducing factors. Since artificial modification of autophagic activity could prove to be an important treatment avenue for degenerative diseases as well as an antiaging strategy, elucidation of the mechanism by which autophagy is regulated is a critical goal for future research.
